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A tablet-based tool for accurate measurement of hand proprioception after stroke 1 

 2 

Abstract 3 

Background and Purpose. Proprioceptive deficits in the hand are common following stroke, but 4 

current clinical measurement techniques are too imprecise to detect subtle impairments or small 5 

changes during rehabilitation. We developed a tablet-based tool to measure static hand 6 

proprioception using an adaptive staircase procedure. Here we compare the tablet with other 7 

methods in 16 chronic stroke survivors and age-matched controls.  8 

Methods. We quantified proprioception at the metacarpophalangeal joint of the index finger of 9 

each hand using three methods: the tablet task, a custom passive motion direction discrimination 10 

test (PMDD), and a manual assessment similar to the Fugl-Meyer (F-M) proprioception 11 

subsection.  12 

Results. Both the tablet and PMDD found impaired proprioception in the affected relative to the 13 

unaffected hand (p = 0.024 and 0.028) and relative to the control group (p = 0.040 and 0.032), 14 

while manual assessment did not. The PMDD had a ceiling effect as movements over 15° were 15 

not biomechanically feasible. The tablet and PMDD detected impaired proprioception in 56-16 

75%, and the F-M in only 29%, of patients. PMDD and tablet measures were both correlated 17 

with primary tactile sensation, but not manual dexterity.  18 

Discussion and Conclusions. Both tablet and custom PMDD performed better than manual 19 

assessment. PMDD may be useful when the deficit is mild or assessment of dynamic 20 

proprioception is desired. The tablet, lacking the PMDD’s ceiling effect, could be useful at any 21 

level of proprioceptive impairment, and may be preferable if testing or clinician training time 22 

needs to be minimized, or pain or spasticity is present. 23 
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Video abstract available. See Video, Supplementary Digital Content 1. 24 
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 29 

Abbreviations:  30 

F-M: Fugl-Meyer 31 

PMDD: Passive movement direction discrimination 32 

MP: metacarophalangeal joint 33 

MMSE: Mini Mental State Exam 34 

MRC: Medical Research Council scale for muscle strength 35 

BBT: Box and Block Test 36 

PPT: Purdue Pegboard Test 37 

 38 

Introduction 39 

The proprioceptive senses, including static position sense and movement sense or 40 

kinesthesia1, are critical for accurate movement2,3, but often impaired following stroke2,4–9. 41 

Deficits in hand proprioception are associated with functional impairment10–12, including poor 42 

motor recovery13–15 and reduced ability to complete tasks of daily living2,16,17. Clinicians often 43 

need to assess proprioception to determine the extent of neurological injury, manage therapy 44 

plans, and evaluate progress18,19. The detection of proprioception deficits in individuals post-45 

stroke has important clinical ramifications considering rehabilitation interventions are based on 46 
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accurate identification of deficits19 and the ability to demonstrate rehabilitation progress. For 47 

example, proprioceptive deficits detected immediately after stroke can help predict arm function 48 

one year later20, which may influence rehabilitation choices. Failure to detect proprioception 49 

deficits may leave a substantial number of patients who require treatment not receiving it, or not 50 

receiving appropriate treatments and thereby wasting treatment time19. Current clinical methods, 51 

however, are too subjective and poorly standardized to detect subtle deficits or changes in 52 

proprioception21,22. 53 

Current options for clinical testing of proprioception deficits following stroke are quite 54 

limited because there is no single standardized measure that is generally accepted22,23. Options 55 

include the proprioception subsection of the Fugl-Meyer (F-M)24, passive movement direction 56 

discrimination (PMDD), and position matching, all of which entail subjective judgments by the 57 

clinician and poor standardization of the testing procedure. Even within standardized clinical 58 

assessments such as the Rivermead Assessment of Somatosensory Performance23, proprioception 59 

is determined subjectively. The proprioception subsection of the F-M is arguably the most 60 

common clinical test, and could be considered the de facto gold standard; however, the sensory 61 

scales of the F-M perform poorly in the stroke population, with Lin et al. (2004) reporting a 62 

significant ceiling effect and low to moderate validity and responsiveness25. This and other 63 

subjective tests continue to be implemented clinically26, but more objective tests have been 64 

developed in the research setting. Carey et al. (2002) used an apparatus of protractors and 65 

forearm splints to conduct a wrist angle matching task19, and more recent applications have made 66 

use of sophisticated robotics to generate quantifiable metrics for proprioception and 67 

kinesthesia9,27–30. For example, Goble et al. (2009) used a bimanual robotic system to accurately 68 

execute an elbow-angle matching task31. Semrau et al. (2013) assessed upper limb kinesthesia 69 
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with psychometric techniques implemented in a robotic system as well32. These measures 70 

provide more sensitive and objective data regarding proprioception; indeed, motor control 71 

research has applied these methods to understand somatosensory contributions to movement in 72 

healthy subjects33–36. Unfortunately, robotic methods have limited clinical utility due to costs 73 

associated with the equipment, limited portability, and the considerable training required. 74 

As an alternative to both subjective clinical tests and costly robotic assessments of 75 

proprioception, we developed a tool that requires only a computer tablet and hand positioning 76 

stand (Fig. 1A)37. The subject makes a series of judgments about the location of their unseen 77 

stationary index finger in relation to elements displayed on the tablet37. This allows us to 78 

determine proprioceptive bias (perceptual boundary) at the metacarophalangeal (MP) joint of the 79 

index finger in the plane of adduction/abduction, chosen because of its importance for fine motor 80 

skill such as a key grip/pinch of small objects between the thumb and index finger.  81 

In healthy adults, the tablet method had better test-retest reliability, inter-rater reliability, 82 

and construct validity than two common clinical methods, passive movement direction 83 

discrimination (PMDD) and matching, which we customized to reduce subjectivity37. While the 84 

tablet performed well in healthy adults, its utility in stroke survivors is unknown. After a 85 

unilateral cortical or subcortical stroke, proprioception in the contralateral (“affected”) hand may 86 

be more impaired than in the ipsilateral (“unaffected”) hand. Here we asked whether the tablet 87 

could detect proprioceptive differences between the hands in chronic stroke survivors that were 88 

more extreme than between the hands of healthy age-matched controls. We compared the tablet 89 

with the custom PMDD37 and with a proprioception subsection of the F-M24 modified to assess 90 

the index finger along with the thumb. Because even the “unaffected” hand often experiences 91 

deficits post-stroke38, we also compared the affected hand to the control group directly. Finally, 92 
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we compared the tablet and PMDD to deficits in primary tactile function and manual dexterity39.   93 

 94 

Methods 95 

 96 

Subjects 97 

32 subjects completed the study, 16 with stroke and 16 without. All reported they were 98 

free of visual impairments and severe or uncontrolled cardiovascular, pulmonary, renal, 99 

neurological, or psychiatric conditions. Subjects were screened for serious cognitive deficits with 100 

the Mini Mental State Exam (MMSE)40. Stroke subjects were screened for hemispatial neglect 101 

with the star cancellation task41. Procedures were approved by Indiana University Bloomington’s 102 

Institutional Review Board. All subjects gave written informed consent. 103 

Subjects with stroke completed the MMSE, star cancellation test, and Medical Research 104 

Council (MRC) muscle testing42 of an index finger muscle, first dorsal interosseous (FDI), in that 105 

order. Proprioception testing was performed next, with the custom tablet task37, PMDD37, and 106 

manual assessment based on the F-M24 administered in random order. We then obtained patients’ 107 

fine touchb and two-point discriminationb thresholds and performed the box and block test of 108 

manual dexterity39 (BBT)c, followed by the F-M upper extremity motor section24. Most subjects 109 

completed the session in ~90 minutes. 110 

 Age-matched control subjects completed the MMSE and Edinburgh handedness 111 

inventory43, then the proprioception tablet task and PMDD in random order, and finally the 112 

Purdue Pegboard Test (PPT)d of manual dexterity44. The session required ~45 minutes. 113 

 114 

Proprioception measures 115 
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 Tablet task. With eyes closed, the subject’s hand was positioned in the stand by the 116 

experimenter (Fig. 1A). The subject was asked to press down firmly with their index finger and 117 

then relax, to control for muscle thixotropy1. After the experimenter positioned the tableta over 118 

the hand layer, the subject was asked to open their eyes. Subjects were familiarized with the task 119 

by a training sequence of the custom application. Subjects were instructed not to move their hand 120 

during the test. 121 

 122 

<  Figure 1 about here  > 123 

 124 

For each trial, the tablet displayed two colored regions, with one end of the dividing line 125 

fixed over the MP joint. Subjects reported which color they felt was over the center of their index 126 

fingertip. The angle of the dividing line changed every trial in an adaptive staircase algorithm 127 

based on Parameter Estimation by Sequential Testing45, which has been implemented in robotic 128 

measures of proprioception33. The test consisted of two staircases, with line angle beginning at 129 

30° left and right of true index finger angle. Initial step size was 10°. In a staircase beginning 30° 130 

to the left of true finger position, most subjects perceive that the dividing line is left of their 131 

index finger and choose the color to the right of the line. The line would then move 10° to the 132 

right, and many subjects would still choose the color on the right. However, as the line 133 

approaches true finger position, subjects become more uncertain and eventually choose the color 134 

to the left of the line. Whenever the subject’s choice of color reversed, the line reversed direction 135 

and step size decreased by half to yield more measurements near the subject’s perceptual 136 

boundary (the angle at which the subject is equally likely to choose either color). Each staircase 137 

terminated after four reversals. For most subjects, this resulted in ~10 trials per staircase. The 138 
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complete test, including positioning the subject in the apparatus and training, took 2-3 minutes. 139 

 Each test resulted in 8 reversal angles (4 per staircase). We averaged these 8 angles to 140 

obtain an estimate of perceptual boundary, analogous to spatial bias in perceived joint angle. We 141 

previously found this corresponds closely to the perceptual boundary determined by fitting a 142 

logistic model, and that two staircases yield data nearly as reliable as six staircases37. Because we 143 

have no evidence to suggest a rightward bias in proprioception is better or worse than a leftward 144 

bias, group analysis used the absolute value. 145 

 146 

For detailed testing protocol, see Document, Supplemental Digital Content 2. 147 

 148 

 PMDD was tested in both groups to assess dynamic proprioception at the MP joint of the 149 

index finger. Subject positioning was the same as the tablet task, except the eyes were closed 150 

throughout and the hand was pronated on a paper template (Fig. 1B). Once correctly positioned, 151 

subjects were asked to press down firmly with their index finger and then relax, to control for 152 

muscle thixotropy1. The initial passive movement amplitude tested was 5°. Each amplitude was 153 

tested 6 times, with three rightward and three leftward movements in random order. If a subject 154 

was correct on all 6 movements of 5° amplitude, the movement amplitude was reduced to 2.5°. If 155 

a subject made an error at 5°, amplitude increased to 10°. The procedure took ~5 minutes per 156 

hand. 157 

PMDD threshold was defined as the smallest of 1.25, 2.5, 5, 10, or 15° movement 158 

amplitudes that the subject responded correctly for all 6 movements. PMDD data were right-159 

censored; i.e., many subjects made errors even on 15° movements, especially on the affected 160 

hand in the stroke group, but larger movements were not biomechanically feasible. PMDD 161 
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threshold was recorded as “15+” (Table 1) for these subjects, but a value of 15° was substituted 162 

for group analyses.  163 

 Manual assessment (Stroke Group only). Following the standard F-M proprioception 164 

subsection procedure, we tested thumb flexion-extension at the interphalangeal joint. In addition, 165 

we tested right and left movements of the index finger (abduction/adduction at the MP joint) to 166 

be consistent with the PMDD and tablet tasks, using the same sequence of steps as the thumb 167 

test. Standard F-M scoring of 0, 1, or 2 was applied for both versions24.   168 

 169 

Analysis 170 

 Wilcoxon rank sum tests were performed to test whether median between-hand 171 

differences in the stroke group were more extreme than in the control group on the tablet or 172 

PMDD. The differences analyzed were affected minus unaffected hand for the stroke group, and 173 

nondominant minus dominant hand for the control group. Wilcoxon signed rank tests were 174 

performed to test whether median two-point discrimination, fine touch, or BBT scores were 175 

worse in the affected than the unaffected hands in the stroke group, whether median PPT scores 176 

differed between dominant and non-dominant hands in the control group, and whether tablet and 177 

PMDD differed between the stroke group’s affected or unaffected hand and the control group. 178 

For the latter stroke-control comparisons, we used the average of control subjects’ dominant and 179 

non-dominant hands, as we found no between-hand difference and conflicting literature as to 180 

whether such a difference should be expected46–53.  181 

For both the tablet method and PMDD, we computed sensitivity, specificity, and positive 182 

and negative predictive values, treating the manual assessment based on the F-M proprioception 183 

subsection as the gold standard. Because two of the stroke subjects lacked the manual 184 
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assessment, only 14 stroke subjects were included in the sensitivity analyses. We identified 185 

stroke subjects with proprioceptive deficits (“positives”) in two ways. First, we compared each 186 

stroke subject’s tablet or PMDD value in their affected hand versus their unaffected hand: if the 187 

affected hand had a worse (higher) value than the unaffected hand, that subject was considered a 188 

positive. Second, we compared the tablet or PMDD measurement of each stroke subject’s 189 

affected hand with the mean control group value: stroke subjects with values that exceeded the 190 

control group mean plus 95% confidence interval were considered positives23,27,32,54.  191 

Spearman rank correlations were computed to assess the relationship between tablet or 192 

PMDD and each of two-point discrimination threshold, fine touch threshold, and BBT score in 193 

the stroke group. Affected hand values were divided by unaffected hand values to normalize for 194 

individual variation that may be unrelated to the stroke. Bonferroni corrections were performed 195 

to compensate for multiple comparisons. All hypothesis tests were performed two-tailed. 196 

 197 

Results 198 

The 16 stroke subjects (8 female, age 64.1 ± 15.2 years) had experienced unilateral 199 

ischemic or hemorrhagic cortical or subcortical stroke with motor deficits at least 6 months prior 200 

(Table 1).  201 

<  Table 1 about here > 202 

 203 

Average time post stroke was 7.4 ± 7.6 years (mean ± standard deviation). Motor function of the 204 

impaired hand averaged an MRC42 grade of 3.6 ± 2.0, indicating moderate impairment. Subjects 205 

S-01 and S-02 completed the experiment before the manual assessment of proprioception was 206 

added, so analysis of this parameter excluded these subjects. Subjects S-05 and S-15 lack data 207 
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for the motor assessments (BBT and F-M UL) because of limited shoulder mobility due to 208 

arthritis and history of a torn rotator cuff, respectively. Analysis of the motor variables therefore 209 

excluded these two subjects. The 16 age-matched controls had no history of stroke (9 female, age 210 

65.7 ± 14.4 years); each control subject was within 5 years of a particular stroke subject’s age 211 

(Table 2). 212 

 213 

< Table 2 about here > 214 

 215 

Comparing proprioception across hands 216 

 Tablet. Stroke group: Proprioceptive bias in the affected hand was worse than in the 217 

unaffected hand (Fig. 2) for 12 of 16 stroke subjects. Median bias was 15.5° and 9.2° in the 218 

affected and unaffected hands, respectively. Control group: Proprioceptive bias on the tablet was 219 

worse in the non-dominant hand compared to the dominant hand for 5 of 16 subjects. At the 220 

group level, median tablet bias was 9.2° and 10.7° in the non-dominant and dominant hands, 221 

respectively. The between-hand difference was greater in the stroke group than the control group 222 

(W = 203.5, Z = -2.26, p = 0.024). This suggests that between-hand differences are greater in the 223 

stroke group (median difference 6.3°) than in controls (1.5°) (Fig. 3A). 224 

 225 

< Figure 2 about here > 226 

< Figure 3 about here > 227 

 228 

 PMDD. Stroke group: the PMDD showed a higher threshold (worse proprioception) in 229 

the affected than the unaffected hand for 9 of 16 stroke subjects. All 9 were among those found 230 
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by the tablet to have worse proprioception in their affected hand. Because we dealt with the 231 

PMDD ceiling effect by substituting 15° for “15+”, group PMDD values likely underestimate 232 

true threshold55. Median values were 15° and 5° in the affected and unaffected hands, 233 

respectively. Control group: The PMDD showed worse proprioception in the non-dominant hand 234 

for 3 of the 16 control subjects; median PMDD threshold was 5° for each hand. The between-235 

hand difference in PMDD was greater in the stroke group than the control group (W = 206, Z = -236 

2.20, p = 0.028), suggesting that between-hand differences are greater in the stroke group 237 

(median difference of 10°) than in controls (0°) (Fig. 3B). 238 

 Manual assessment of proprioception (stroke group only). The manual assessment 239 

showed worse proprioception on the affected side in only 2 of the 14 stroke subjects at the 240 

thumb, and in 4 of the 14 stroke subjects at the index finger. Manual assessment score did not 241 

differ significantly across hands for either the thumb (W = 3, Z = 1.41, p = 0.31) or index finger 242 

(W = 10, Z = 2.0, p = 0.09). If we consider the manual assessment to be the de facto gold 243 

standard measure of proprioception, and define tablet and PMDD deficits by comparing the 244 

affected to the unaffected hand, then sensitivity of both the tablet and PMDD is 0.75, with 7 and 245 

4 false positives, respectively (Table 3A). 246 

   247 

< Table 3 about here > 248 

 249 

Comparing proprioception in affected hand to control group 250 

 Comparing the affected hand of the 16 stroke subjects to the control group, 9 stroke 251 

subjects had impaired proprioception according to the tablet test, and 12 had impaired 252 

proprioception according to the PMDD. Eight of the 9 impairments identified with the tablet 253 
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were also identified by the PMDD. Proprioception was significantly worse in the stroke group’s 254 

affected hand compared to the control group, according to both the tablet (W  = 209, Z = -2.05, p 255 

= 0.040) and the PMDD (W = 207.5, Z = -2.15, p = 0.032). If we consider manual assessment 256 

the de facto gold standard measure of proprioception, and define tablet and PMDD deficits by 257 

comparing the affected hand to controls, then sensitivity of the tablet is 0.75 with 5 false 258 

positives, and sensitivity of the PMDD is 1 with 6 false positives (Table 3B). 259 

 Comparing the “unaffected” hand of the 16 stroke subjects to the control group, 4  of the 260 

stroke subjects had impaired proprioception according to the tablet, and 5 had impaired 261 

proprioception according to the PMDD. However, as a group, the stroke subjects’ unaffected 262 

hand was not significantly different than controls for either the tablet (W = 257, Z = -0.25, p = 263 

0.81) or PMDD (W = 255.5, Z = -0.31, p = 0.76). This suggests that some individuals in the 264 

stroke group had proprioceptive deficits in their “unaffected” hand, but the group overall did not. 265 

 266 

Primary tactile and manual dexterity measures 267 

 Median two-point discrimination threshold in the stroke group was 7mm and 2.5mm in 268 

the affected and unaffected hands, representing a significant difference (W=6, Z = -2.59, p=0.01; 269 

Fig. 3Bi). Median fine touch threshold did not differ across hands (W=9, Z = -1.26, p=0.21); 270 

median value was 3.61 (0.4g of force) in both (Fig. 3Bii). Stroke subjects achieved a median 271 

BBT score of 50.5 and 23.5 in the unaffected and affected hands, respectively (Fig. 3Ci), 272 

representing a significant difference (W=105, Z = 3.30, p<0.001). Control subjects achieved a 273 

median PPT score of 12.5 and 13 in the non-dominant and dominant hands, respectively (Fig. 274 

3Cii), representing a non-significant difference (W=96.5, Z = 1.48, p=0.14). 275 
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 For stroke subjects, between-hand percent difference in tablet bias was positively 276 

correlated with two-point discrimination threshold (r=0.55, p=0.04; Fig. 4Ai). However, percent 277 

differences in tablet bias were not significantly correlated with either fine touch threshold or 278 

BBT (r=0.29, p>0.1; r=-0.37, p>0.1, respectively; Fig. 4Aii-iii). Between-hand percent 279 

differences in PMDD threshold were positively correlated with two-point discrimination (r=0.68, 280 

p=0.006; Fig. 4Bi) and fine touch (r=0.88, p<0.001; Fig. 4Bii), but not with BBT (r=-0.038, 281 

p>0.1; Fig. 4Biii).  282 

 283 

< Figure 4 about here > 284 

 285 

Discussion  286 

Here we compared three proprioception measures in chronic stroke survivors. Only the 287 

tablet and PMDD found median differences between the hands relative to controls, although the 288 

PMDD had a ceiling effect. Whether comparing the affected hand to the unaffected hand or to 289 

controls, the tablet and PMDD identified more stroke subjects with proprioceptive impairment 290 

than the manual assessment did. PMDD and tablet measures were each correlated with primary 291 

tactile sensation, but not with manual dexterity.  292 

 293 

Detecting proprioceptive deficits 294 

Assessment is complicated by proprioception’s multiple sub-modalities, e.g. static 295 

position sense, passive motion sense, sense of effort1. The PMDD and the proprioceptive 296 

subsection of the F-M measure passive movement sense; matching tests static position sense 297 

after active movement, or in some cases subjects are asked to actively match a passive 298 
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movement56 . Common clinical versions of these tests, such as the manual assessment performed 299 

here, are known to be coarse, subjective, and poorly standardized22,57,58; they fail to control for 300 

muscle thixotropy, the contraction history of the muscle, or movement speed and amplitude, all 301 

of which affect proprioception1,22,59.   302 

Proprioceptive assessments that require movement may be confounded by pain60, 303 

spasticity, and in the case of tests requiring active movement, motor deficits. For example, a 304 

patient with pain may tense up with movement, providing extra stimulation to spindles and 305 

leading to over-estimation of proprioceptive function. The patient may have less pain on a return 306 

visit, yielding a more accurate proprioceptive estimate but erroneously indicating a worsening of 307 

proprioception since the first visit. Tests involving movement also carry the risk of a ceiling 308 

effect, as the PMDD showed in the present study. In a patient who makes errors at the largest 309 

feasible movement amplitude, slight improvements due to rehabilitation cannot be detected. For 310 

these reasons, a static test of proprioception may be a useful supplement or replacement for 311 

movement-based tests. The brain continues to integrate background spindle activity, joint 312 

receptors, and skin stretch input even when the body is stationary1; indeed, static proprioception 313 

is critical for accurate motor control as it allows the brain to estimate the limb’s starting position 314 

for motor planning1. Animal research indicates static and dynamic position information depend 315 

on the same neural networks61,62.   316 

Between-hand differences in the stroke group relative to controls were detected by the 317 

tablet and PMDD, but not the manual assessment. The tablet and PMDD both identified more 318 

stroke subjects as having an impairment relative to the unaffected hand than the manual 319 

assessment did. Consistent with the literature38, some stroke subjects had proprioceptive deficits 320 

in their “unaffected” hand according to both the tablet and PMDD, but not the manual 321 
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assessment. This may have caused the between-hand approach to underestimate the true number 322 

of stroke subjects with proprioceptive deficits, although deficits in the “affected” hand can 323 

generally be expected to be more severe than in the “unaffected” hand. The stroke-control 324 

comparison supplements the between-hand analysis. Both the tablet and PMDD detected 325 

significant differences between the affected hand and the control group, and both identified more 326 

stroke subjects with deficits than the manual assessment did. However, the stroke-control 327 

comparison also has limitations. Namely, neither the tablet nor PMDD has large normative data 328 

sets for comparison, and using a small age-matched control group to define deficits must be 329 

interpreted with caution.   330 

These results, combined with the sensitivity analysis, suggest the tablet has greater 331 

sensitivity to detect proprioception deficits compared to the manual assessment. Although these 332 

initially appear as false-positives, many patients who showed deficits with the tablet or PMDD 333 

scored full points in both hands on the manual assessment, both the standard F-M subsection 334 

version at the thumb, and the alternate version at the index finger. This suggests  manual 335 

assessment lacks sensitivity to detect more subtle proprioceptive deficits even though it is often 336 

considered the ‘gold-standard’ clinical assessment. As a result, in the clinical setting, manual 337 

assessment may not detect subtle proprioceptive deficits or changes due to rehabilitation. These 338 

findings are consistent with Carey et al.19, who demonstrated the lack of abnormal outcomes on 339 

clinical measures compared to newer standardized tests. Given the increased demands to 340 

evaluate progress with rehabilitation interventions, a more quantifiable measure of 341 

proprioception including the tablet measure may overcome these current clinical challenges.   342 

The tablet offers an advantage over the manual assessment or other PMDD tests in terms 343 

of clinician training time. To use the tablet test, the clinician only needs to know how to place the 344 
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hand on the stand and run the app. The test itself is automated from that point, which likely 345 

contributed to the greater reliability we previously found relative to the PMDD or matching37. In 346 

contrast, to use the PMDD or manual assessment correctly, the clinician needs skill at grasping 347 

the thumb or finger without giving pressure cues, and moving the thumb or finger at a slow but 348 

consistent speed, all while following a random sequence of movement directions and recording 349 

subject response. 350 

 351 

Relationship of proprioception to primary tactile and motor assessments 352 

Two-point discrimination and manual dexterity in the stroke group showed clear 353 

impairments in the affected hand, while fine touch threshold did not. The PMDD and tablet 354 

measurements were both correlated with two-point discrimination, but only PMDD was related 355 

to fine touch threshold. The tablet impairment was relatively clustered, which may have limited 356 

our ability to detect correlations. Future studies will need to examine tablet and PMDD in larger 357 

samples to determine how strongly these measures are related to tactile assessments.  358 

F-M upper limb scores ranged from 8 to 64 in the stroke group, suggesting considerable 359 

variation in motor impairment. The lack of correlation between proprioception and BBT was not 360 

necessarily surprising. This is consistent with several previous studies that found no relationship 361 

between proprioceptive and motor deficits after stroke10,63.  362 

 363 

Study limitations 364 

To simplify comparisons, both the tablet and PMDD measurements were applied with the 365 

hand pronated and fingers slightly spread. Measurements in these conditions may not generalize 366 

to other postures1 or to extreme finger angles64. Also unknown is how proprioceptive deficits 367 
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measured at the index finger would compare to other joints such as wrist and elbow. While the 368 

hand-positioning stand could be modified to apply the tablet test at other finger joints and even 369 

the wrist, the need for the patient to gaze directly at the tablet when placed over the joint being 370 

tested precludes the use of this method at the shoulder or elbow. However, this limitation does 371 

not take away from the clinical utility of the test when manual assessment is insufficiently 372 

sensitive or functional deficits are most noticeable in the hand. In other words, if a patient has 373 

such severe proprioceptive deficits that the shoulder and elbow are substantially affected, then 374 

manual assessment is likely sufficient to detect the problem. The greatest utility of the tablet test 375 

is in cases where the proprioceptive deficit is more subtle and could be overlooked, which would 376 

result in the patient not receiving needed treatment. 377 

 While the absence of movement in the tablet test clearly offers advantages, the 378 

dependence on vision creates a limitation. The test would not be valid for subjects with visual 379 

impairments or neglect. Subjects were not tested for color vision; some subjects called the 380 

yellow color green, or the pink color purple, but yellow and green were never paired with each 381 

other, nor were pink and purple, so there was no potential for the experimenter to press the 382 

wrong button. It is possible that slight luminance differences between the colors, or differences 383 

in subjects’ color perception, could make one color easier to see than the other of a given pair, 384 

which might influence the subject’s choice. However, this influence would be limited to 385 

increasing noise, not proprioceptive bias, as the placement of each color in the left vs. right 386 

position was randomized.   387 

Conclusion 388 

Both the tablet and custom PMDD performed better than manual assessment in detecting 389 

proprioceptive deficits. PMDD may be useful when the deficit is mild or assessment of dynamic 390 
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proprioception is desired. The tablet, lacking the PMDD’s ceiling effect, could be useful at any 391 

level of proprioceptive impairment, and may be preferable if testing or clinician training time 392 

needs to be minimized, or pain or spasticity is present. 393 

 394 

 395 
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 569 

 570 

Fig. 1. Methods for Tablet and PMDD tasks. A. Tablet task. i. Subject was seated with the 571 

hand positioned on an angled stand beneath the tablet. ii. Tablet display viewed by subject. 572 

Circle represents index finger MP joint location, and subject was asked to report which color 573 

appeared to be over the center of their index fingertip. Three pairs of colors were used in random 574 

order: red/blue, yellow/purple, and green/pink. Angle of the line dividing the two colors changed 575 

every trial according to the subject’s responses, using an adaptive staircase algorithm. iii. 576 
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Schematic of the custom 3D-printed tablet stand. The tablet frame is hinged to the hand layer so 577 

that the tablet is correctly positioned over the hand, completely blocking subjects’ view of their 578 

hand. The hand layer contains depressions for consistent positioning of the hand. iv. With 579 

subject’s eyes closed, the experimenter positioned the subject’s pronated hand in the hand layer, 580 

with the index finger in a depression angled at 55° to the horizontal and the MP joint on a tactile 581 

marker. The elbow was bent about 90° and slightly in front of the body, with the forearm resting 582 

on the table. The hand was ~20cm in front of the body and centered with the midline. B. PMDD 583 

task. i. Subject was seated with eyes closed in front of a paper taped to the table at body midline. 584 

ii. Subject’s index finger was taped to a custom 3D-printed stick with raised tabs at the end for 585 

the experimenter to grasp. Tape was placed at two locations along the index finger to reduce 586 

twisting during passive movement. iii. Paper chart to guide the experimenter. Subject’s hand was 587 

placed in the appropriate hand outline, with the index finger pointing along a dark line 55° to the 588 

horizontal. Lines indicating 10°, 5°, 2.5°, and 1.25° deviations from the dark line guided the 589 

experimenter in moving the subject’s index finger left or right by varying step sizes. 590 

Experimenters were trained to count 2 seconds between each 1.25° line for a movement speed of 591 

about 0.062°/s65. When each movement was completed, the subject was asked, “Did I move your 592 

finger left or right?” After the subject’s response was recorded, the experimenter moved the 593 

index finger back to neutral before beginning the next movement. 594 

 595 

Figure 2. A-C. Three examples of tablet task performance in the stroke group (S-01, S-02, and 596 

S-03). i. Sequence of line angles tested across trials in the unaffected hand. ii. Sequence of line 597 

angles tested across trials in the affected hand. Zero on the x-axis represents true finger angle. 598 

Bias angle was calculated by averaging the eight reversal angles in the set of two staircases. 599 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



25 

 

  600 

Figure 3. Comparing median values in the stroke and control groups. A. Proprioception 601 

measures. According both the tablet method (i) and the PMDD (ii), between-hand difference in 602 

proprioception (thick dotted line) was greater in the stroke group than the control group. This 603 

suggests that stroke subjects’ worse results in the affected vs. unaffected hand are more extreme 604 

than the normal difference seen between hands in controls. Affected hand was also significantly 605 

worse than mean control values for both the tablet and PMDD. B. Tactile measures. i. Two-606 

point discrimination was significantly worse in the affected hand compared to the unaffected 607 

hand. ii. Fine touch did not differ significantly across hands in the stroke group. C. Manual 608 

dexterity measures. i. Patients were significantly impaired at the Box and Block test with their 609 

affected hand compared to their unaffected hand. ii. Control subjects were no better at the Purdue 610 

Pegboard test with their dominant hand compared to their nondominant hand. *Significantly 611 

different at p < 0.05. Error bars represent 95% confidence intervals. 612 

 613 

Figure 4. Comparing proprioception measures to tactile and motor measures in the stroke 614 

group. A. Absolute value of tablet task bias in the affected hand divided by the unaffected hand. 615 

Values greater than 1 indicate the affected hand was more biased than the unaffected hand. B. 616 

PMDD threshold in the affected hand divided by the unaffected hand. Values greater than 1 617 

indicate the affected hand had worse passive movement detection than the unaffected hand. i. 618 

Two-point discrimination in the affected hand divided by the unaffected hand. Values greater 619 

than 1 indicate the affected hand had worse discrimination than the unaffected hand. Subjects 620 

with worse proprioception by either measure had worse two-point discrimination (p < 0.05). ii. 621 

Fine touch threshold in the affected hand divided by the unaffected hand. Values greater than 1 622 
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indicate the affected hand had worse fine touch detection than the unaffected hand. Subjects with 623 

worse PMDD scores had worse fine touch detection (p < 0.01), but there was no correlation with 624 

tablet performance. iii. Box and block score in the affected hand divided by the unaffected hand. 625 

Smaller values indicate worse manual dexterity in the affected hand compared to the unaffected 626 

hand. Proprioception by either measure was not significantly correlated with BBT performance. 627 

Each circle represents one stroke subject. 628 
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finger left or right?” After the subject’s response was recorded, the experimenter moved the 597 

index finger back to neutral before beginning the next movement. 598 
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Table 1. Stroke Group subject characteristics and results for each hand.  

 

MRC = Medical Research Council grade of muscle strength (5 is best). Tablet bias: closer to zero is better. Negative values signify a leftward bias. 

PMDD = passive movement direction discrimination (1.25 is best). F-M proprio = Fugl-Meyer proprioception subsection in the thumb or 

comparable manual assessment of index finger (2 is best). Fine touch and two-point discrimination thresholds: smaller is better. Box and Block 

Test: number of blocks transferred in 1 minute (higher is better). F-M UL = Fugl-Meyer upper limb section (higher is better). ~ = data unavailable. 
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          UNAFFECTED SIDE         AFFECTED SIDE           

S-01 55 M 3.4 Anterior L MCA ischemic 5 -21.3 1.25 ~ ~ 3.61 3 76 4 -27.8 15+ ~ ~ 6.65 20 17 55 

S-02 85 M 2.5 

Acute infarction of left 

thalamus 5 6.7 2.5 ~ ~ 3.61 4 50 5 11.9 10 ~ ~ 3.61 8 34 62 

S-03 59 F 10.0 
Left pontine ischemic cerebral 

infarct s/p basilar occlusion 
5 -8.8 5 2 2 4.31 2 68 5 17.0 1.25 2 2 3.61 3 39 51 

S-04 87 F 2.0 Right MCA ischemic 5 19.2 5 2 2 3.61 4 61 5 35.8 10 2 2 3.61 4 57 64 

S-05 68 F 15.9 Unknown 5 -5.6 2.5 2 2 4.31 2 ~ 5 -15.5 15+ 2 2 4.56 30 ~ ~ 

S-06 43 F 7.4 unknown 5 -5.0 2.5 2 2 2.83 1 57 0 -32.0 15+ 1 1 6.65 30 0 18 

S-07 82 M 2.9 Right Lacunar  5 -10.6 5 2 2 4.31 2 53 5 -9.2 1.25 2 2 3.61 2 45 60 

S-08 55 M 3.4 

Perioperative hemorrhagic 

event 5 1.3 5 2 2 3.61 3 51 3 1.9 15+ 1 1 5.07 35 6 46 

S-09 53 M 2.5 Right Lacunar  5 -3.3 1.25 2 2 3.61 1 42 2 -6.9 1.25 2 2 3.61 6 1 46 

S-10 54 M 1.3 Right MCA CVA 5 -25.2 5 2 2 4.31 1 47 0 -27.2 15+ 2 1 6.65 15 0 8 

S-11 31 M 13.3 unknown 5 -9.2 2.5 2 2 3.61 1 57 4 -8.8 1.25 2 2 2.83 1 23 51 

S-12 69 F 7.1 Right MCA CVA 5 -17.7 10 2 2 3.61 3 45 5 20.6 15 2 2 3.61 8 30 47 

S-13 66 M 1.1 
L MCA ischemic, L basal 

ganglia hemorrhage 
5 -10.6 10 2 2 3.61 4 42 5 4.5 10 2 2 3.61 4 32 64 

S-14 76 F 18.2 Ischemic 5 -6.1 15+ 2 2 4.31 10 26 4 -10.6 15+ 2 2 4.31 35 24 51 

S-15 70 F 25.9 Unknown 5 -31.9 15+ 2 2 3.61 10 ~ 5 -18.4 15+ 2 1 3.61 4 ~ ~ 

S-16 72 F 0.9 L internal capsule CVA 5 7.5 10 2 2 3.61 2 44 1 -22.0 15+ 2 2 3.61 6 0 13 

Table 1



Table 2. Control Group subject characteristics and results for each hand.  
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    DOMINANT NONDOMINANT 

C-01 59 M 29 8.1 2.5 13.3 -5.3 2.5 14.3 

C-02 83 F 95 -26.9 15 12.7 -27.0 5 12.0 

C-03 58 F 100 -13.6 15 15.7 2.2 5 16.3 

C-04 84 F 95 -24.1 2.5 12.7 13.0 2.5 11.0 

C-05 69 M 95 9.2 2.5 12.3 -8.8 1.25 11.0 

C-06 47 F 85 3.0 2.5 15.0 1.9 1.25 13.0 

C-07 79 F -100 18.4 5 10.7 13.8 10 9.7 

C-08 59 M 28 1.4 2.5 10.3 -0.2 2.5 12.3 

C-09 52 M 94 -9.2 5 12.7 -1.9 5 15.3 

C-10 59 F 69 -10.6 1.25 13.0 -12.5 5 13.7 

C-11 28 M 100 6.4 5 14.0 10.8 2.5 11.7 

C-12 68 F 100 -4.3 15 14.0 -15.6 5 12.7 

C-13 65 M 85 -10.3 2.5 14.3 -4.7 5 12.3 

C-14 78 F 100 -8.4 5 13.0 -5.3 5 12.3 

C-15 72 F 100 -15.5 10 14.3 -15.2 15 13.7 

C-16 73 F 95 4.8 2.5 11.7 15.8 5 8.7 

Tablet bias: closer to zero is better. PMDD = passive movement direction discrimination (1.25 is best). Purdue Pegboard Test: average number of 

pegs placed in 30s (higher is better). 

 

 

Table 2



Table 3. Confusion matrix for proprioceptive deficits defined relative to unaffected hand (A) and relative 

to controls (B). Values are computed with F-M manual assessment of thumb flexion/extension at the 

interphalangeal joint as the de facto “gold standard.” Only the 14 stroke subjects who had F-M data are 

considered here. Of those 14, the F-M classifies 4 as having a proprioceptive deficit (positives) and 10 as 

unimpaired (negatives).  

 A. Compared to unaffected hand B. Compared to controls (mean + 95% CI) 

 Tablet  PMDD Tablet PMDD 

True Positives 3 3 3 4 

True Negatives 3 6 5 4 

False Positives 7 4 5 6 

Fales Negatives 1 1 1 0 

Sensitivity 0.75 0.75 0.75 1 

Specificity 0.3 0.6 0.5 0.4 

Positive Predictive Value 0.3 0.43 0.375 0.4 

Negative Predictive Value 0.75 0.86 0.83 1 
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